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Abstract: The molecular processes underlying neural
transmission are central issues in neurobiology. Here we
describe a novel mechanism through which noradrena-
line (NA) activates its target cells, using the mammalian
pineal organ as a model. In this neuroendocrine trans-
ducer, NA stimulates arylalkylamine N-acetyltransferase
(AANAT; EC 2.3.1.87), the key enzyme regulating the
nocturnal melatonin production. In rodents, AANAT pro-
tein accumulates as a result of enhanced transcription,
but in primates and ungulates, the AANAT mRNA level
fluctuates only marginally, indicating that other mecha-
nisms regulate AANAT protein and activity. These were
investigated in cultured bovine pinealocytes. AANAT
mRNA was readily detectable in unstimulated pinealo-
cytes, and levels did not change following NA treatment.
In contrast, NA increased AANAT protein levels in parallel
with AANAT activity, apparently through a cyclic AMP-
mediated mechanism. Immunocytochemistry revealed
that the changes in AANAT protein levels occurred in
virtually all pinealocytes. Inhibition of AANAT degradation
by proteasomal proteolysis alone was found to switch-on
enzyme activity by increasing AANAT protein levels five-
to 10-fold. Accordingly, under unstimulated conditions
AANAT protein is continually synthesized and immedi-
ately destroyed by proteasomal proteolysis. NA appears
to act via cyclic AMP to protect AANAT from proteolytic
destruction, resulting in accumulation of the protein.
These findings show that tightly regulated control of pro-
teasomal proteolysis of a specific protein alone can play
a pivotal role in neural regulation. Key Words: Arylalkyl-
amine N-acetyltransferase—Biological rhythms—Neural
signaling—Noradrenaline—Pineal gland—Proteasomal
proteolysis.
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A central issue in neurobiology is the nature of mech-
anisms involved in neural regulation of intracellular pro-
cesses, critical for specific functions of neuronal cells.
An excellent model to study this is the mammalian pineal
organ, which transduces a neuronal signal, the release of
the neurotransmitter noradrenaline (NA), into a specific

response, the production of the neurohormone for dark-
ness, melatonin. NA is released from intrapineal sympa-
thetic nerve endings at the onset of darkness (Drijfhout
et al., 1996) in response to neural signals from the
endogeneous oscillator in the hypothalamic suprachias-
matic nucleus (Klein and Moore, 1979). NA stimulates
pinealocytes througha1- and b-adrenergic receptors
(Klein, 1985; Chik and Ho, 1989). The critical molecular
target of NA is arylalkylamine N-acetyltransferase
(AANAT; EC 2.3.1.87), the key regulatory enzyme in
melatonin biosynthesis (Klein et al., 1997). AANAT
activity is low during day and high during night. The
rhythm in AANAT activity gives rise to the daily rhythm
in circulating melatonin. This role of AANAT as a mo-
lecular transducer—one that converts regulatory input
into changes in melatonin—is highly conserved among
vertebrates; however, remarkable species-to-species dif-
ferences exist in the molecular mechanisms through
which NA acts on AANAT (Klein et al., 1997).

Several studies indicate that AANAT activity closely
mirrors AANAT protein levels (Coon et al., 1995; Klein
et al., 1997; Zatz et al., 2000). Two regulatory mecha-
nisms can control the latter. In rodents, but not in ungu-
lates and primates, transcriptional regulation plays an
essential role in the switch-on of AANAT at night. NA
controls AANAT transcription through a cyclic AMP
mechanism involving activation of protein kinase A and
phosphorylation of cyclic AMP response element
(CRE)-binding protein (CREB) (Roseboom and Klein,
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1995; Tamotsu et al., 1995; Maronde et al., 1999a,b).
Phosphorylated CREB activates expression via CREs in
the AANAT promoter and increases AANAT mRNA
levels . 150-fold (Borjigin et al., 1995; Coon et al.,
1995; Roseboom et al., 1996; Baler et al., 1997; Klein
et al., 1997; Burke et al., 1999; Maronde et al., 1999a).
The increase in AANAT mRNA content is followed by
increases in AANAT protein levels and activity (Klein
et al., 1997).

The second regulatory mechanism is NA/cyclic AMP-
dependent inhibition of proteasomal proteolysis of
AANAT, reversal of which causes the switch-off of
AANAT activity, seen when adrenergic stimulation is
blocked in the rat (Gastel et al., 1998). It is not yet clear
whether this mechanism also regulates the NA-induced
switch-on of AANAT early in the night; analysis of this
issue in the rat is confounded by the essential role of
transcription in this species.

In ungulates and primates, the AANAT mRNA level
fluctuates only marginally (Coon et al., 1995; Klein
et al., 1997), suggesting that in these species NA/cyclic
AMP-dependent inhibition of AANAT proteolysis might
be the primary mechanism switching-on AANAT. This
was studied here using bovine pinealocytes, which ex-
press the AANAT gene constitutively. Our results pro-
vide the first example of a system in which NA/cyclic
AMP-inhibited AANAT proteolysis alone may switch-
on AANAT activity. This demonstrates that a neuro-
transmitter can have profound influence simply by inhib-
iting proteolysis of a single critical protein.

MATERIALS AND METHODS

Materials
Drugs and chemicals.NA, dibutyryl cyclic AMP, puromy-

cin, actinomycin D, and poly-L-lysine were purchased from
Sigma (Deisenhofen, Germany). Forskolin, lactacystin, MG-
132, calpain inhibitor I, and calpain inhibitor III were obtained
from Calbiochem (Bad Soden, Germany).

Antisera. Polyclonal rabbit anti-S-antigen serum NEI
04111083 was a gift from Dr. I. Gery (National Eye Institute,
Bethesda, MD, U.S.A.). Polyclonal rabbit anti-serotonin serum
was purchased from Incstar (Stillwater, MN, U.S.A.). Poly-
clonal anti-ovine AANAT1–25 3343 serum was generated by
immunizing rabbits with a synthetic peptide corresponding to
amino acids 1–25 of ovine AANAT. The peptide was conju-
gated to cationized bovine serum albumin before immuniza-
tion. This antiserum (1:25,000) strongly detects a single (;24-
kDa) band of protein on immunoblots of ovine and bovine
pineal glands and of bovine pinealocyte preparations.

Cell culture
Bovine pineal glands were obtained between 0700 and

1000 h from male and female animals at an abattoir in the
vicinity of Frankfurt/Main, Germany, within 15 min after death
and brought to the laboratory on wet ice. Pinealocytes were
dissociated (Schaad et al., 1993) and seeded into 96-well mul-
tiwell plates (200,000 cells per well; Nunc, Wiesbaden, Ger-
many). After 5 days, cells were treated as indicated, harvested,
and further processed.

Immunocytochemistry
To characterize the bovine pineal cell preparation by immu-

nocytochemical demonstration of pinealocyte-specific markers,
isolated pineal cells were cultured on poly-L-lysine-coated cov-
erslips for 5 days, fixed with 4% paraformaldehyde for 10 min,
and incubated with anti-S-antigen serum NEI 04111083
[1:1,000 (Korf et al., 1985, 1998)] or anti-serotonin serum
(1:5,000). Binding of the primary antibodies was visualized
using the ABC method with a biotin-conjugated anti-rabbit IgG
(Sigma) as the second antibody, a horseradish peroxidase-
conjugated streptavidin complex (Sigma), and 3,39-diamino-
benzidine as the chromogen.

For immunocytochemical demonstration of AANAT, immo-
bilized bovine pinealocytes were cultured for 5 days and stim-
ulated with NA (100 nM) for 6 h or left untreated. The cells
were fixed with 4% glutaraldehyde for 10 min and then incu-
bated with anti-ovine AANAT1–25 antiserum 3343 (1:25,000).
Binding of the primary antibody was visualized using the ABC
method as described above. Immunocytochemical controls
were performed by omitting the primary AANAT antibody or
by incubating sections with the AANAT antibody that had been
preabsorbed with an excess of different peptides of the ovine
AANAT. All control preparations did not contain any immu-
noreactive signal.

Northern blot analysis
Probes for northern blot analysis were prepared by RT-PCR.

For this, total RNA was extracted from cultured bovine pine-
alocytes using the RNeasy kit (Qiagen, Hilden, Germany) and
reverse-transcribed with oligo(dT) primer and Superscript II
reverse transcriptase (GibcoBRL, Karlsruhe, Germany). PCR
was performed usingTaq polymerase (Qiagen) over 30 cycles
on a thermocycler (1-min denaturation at 95°C, 1-min anneal-
ing at 53°C, 1-min elongation at 74°C). PCR primers (MWG
Biotech, Munich, Germany) for AANAT cDNA amplification
were designed against bp 120–141 and 408–429 of the bovine
AANAT sequence [GenBank accession no. AD000742; sense,
59-CCGAGCATCCACTGCCTGAAAC-39; antisense, 59-CCT-
GAGTAAGTCTTTCCTCGTC-39 (Craft et al., 1999)]. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) cDNA amplifi-
cation primers were designed against bp 830–846 and 1,058–
1,077 of the rat sequence (GenBank accession no. X02231;
sense, 59-TGATGACATCAAGAAGGTGG-39; antisense, 59-
TTTCTTACTCCTTGGAGGCC-39). The PCR products were
verified by standard procedures and finally used as templates
for RNA analysis.

Total RNA (12 mg per lane) was prepared from cultured
bovine pinealocytes, separated on 1% agarose denaturing form-
aldehyde gels, blotted to Hybond-N nylon membranes (Amer-
sham Pharmacia, Freiburg, Germany) using capillary forces,
and immobilized by UV cross-linking. DNA probes were la-
beled with [a-32P]dCTP (3,000 mCi/mmol; ICN, Eschwege,
Germany) using a random primer labeling kit (Amersham
Pharmacia). Membranes were prehybridized at 42°C for 8 h
and hybridized with the radiolabeled 309-bp AANAT probe
generated by RT-PCR (see above) for 16 h. To normalize the
abundance of AANAT transcripts for loading, northern blots
were stripped and reprobed with a 247-bp rat GAPDH PCR
product. The signals were analyzed semiquantitatively by de-
termining their SUMDENS values (product of inverted gray
values and area) according to the method of Wicht et al. (1999).

AANAT activity assay
Cells harvested from single wells of a 96-well multiwell

plate were briefly sonicated in phosphate-buffered saline, and
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AANAT activity was determined as described (Fleming et al.,
1999) using 1 mM [1-14C]acetyl-CoA (55mCi/mmol; New
England Nuclear, Ko¨ln, Germany) and 1 mM tryptamine as
substrates. Radiolabeled reaction products were verified by
TLC using authenticN-acetyltryptamine as a marker. Synthesis
of N-acetyltryptamine was totally blocked by the specific
AANAT bisubstrate inhibitor CoA-S-acetyltryptamine (100
mM; Research Biochemicals International, Natick, MA,
U.S.A.) (Khalil and Cole, 1998). Activity values were normal-
ized against the amount of total protein (Bradford, 1976).

Immunoblot analysis
Total cell homogenates were prepared by sonication of the

cells in sodium dodecyl sulfate sample buffer. Immunoblotting
and immunodetection were performed as described (Schomerus
et al., 1999) using the above-described AANAT antiserum
3343 (1:25,000). Semiquantitative analysis of the immunosig-
nals was performed by determining their SUMDENS values
(Wicht et al., 1999).

Statistics
Data from three individual experiments were statistically

analyzed using an ANOVA with subsequent Dunnett’s test
with p , 0.05 as the criterion of significance and expressed as
mean6 SEM values.

RESULTS

The pinealocyte is the dominant cell type in the
bovine pinealocyte culture system

Cultured bovine pineal cell preparations were charac-
terized by immunocytochemical demonstration of the
S-antigen (arrestin), a marker for retinal photoreceptors
and pinealocytes (Korf et al., 1985, 1998). More than
90% of the cells were S-antigen-immunoreactive (Fig.
1). S-antigen immunoreactivity was evenly distributed in
the cytoplasm. The intensity of the immunoreaction var-
ied on a cell-to-cell basis. Similar results as regards the
cellular composition of the culture were obtained with an

antiserum against serotonin, which is converted toN-
acetylserotonin, the melatonin precursor (data not
shown). Accordingly, it appears that the pinealocyte is
the dominant cell type in the culture system used in this
study.

AANAT mRNA content in bovine pinealocytes does
not change following adrenergic stimulation

To investigate the role of transcriptional control of
bovine AANAT, total RNA extracted from unstimulated
and NA-stimulated pinealocytes was analyzed by north-
ern blot analyses. In untreated cells, AANAT transcripts
;1 kb in size were readily detectable (Fig. 2a). The
AANAT mRNA level did not change significantly on
treatment with 100 nM NA, as shown by semiquantita-
tive analysis of autoradiographic images from northern
blots probed for AANAT mRNA and corrected for the
GAPDH signal. After NA treatment for 1, 3, or 6 h, the
intensities of the AANAT signals were 94, 110, and
109%, respectively, of that in unstimulated prepara-
tions.

AANAT protein levels and activity in bovine
pinealocytes are increased by adrenergic/cyclic
AMP stimulation

The effects of NA on AANAT enzyme activity were
studied in a radiochemical assay. A basal AANAT ac-
tivity was readily detectable in unstimulated cell prepa-
rations (Fig. 2c), and this was increased approximately
fourfold by NA treatment. The effects of NA were dose-
and time-dependent. Half-maximal effects were elicited
at a NA concentration of 20 nM (data not shown); 100
nM NA was found to evoke maximal effects. An increase
in AANAT activity induced by 100 nM NA was first
observed after 60 min; after 8 h, AANAT activity
reached maximal values (Fig. 2c).

FIG. 1. Immunocytochemical demonstration of
S-antigen in bovine pineal cells cultured for 5
days. Most of the cells are S-antigen-immunore-
active and thus represent pinealocytes. The in-
tensity of the immunoreaction varies on a cell-to-
cell basis. Bar 5 20 mm.
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The effects of NA on AANAT protein levels were
examined in immunoblot experiments with a highly spe-
cific AANAT antibody. In homogenates from unstimu-
lated cells, we detected a 24-kDa signal (Fig. 2b) whose
molecular mass corresponds to the molecular mass of
AANAT deduced from the nucleotide sequence (Craft

et al., 1999) (GenBank accession no. AD000742). Semi-
quantitative analyses of the immunoreactive signals
showed that treatment with 100 nM NA induced a four-
fold increase in AANAT immunoreactivity (Fig. 2b; see
also Figs. 4a and c and 5a and g). The effect of NA was
time-dependent. An increase in AANAT protein levels
was first evident after 30 min and reached maximal
levels after 8 h (Fig. 2b).

Immunocytochemical analyses revealed that the NA-
induced changes in AANAT protein levels occurred in the
majority of bovine pinealocytes. Unstimulated cells dis-
played a weak AANAT immunoreactivity (Fig. 3a); treat-
ment with 100 nM NA for 6 h induced a strong increase in
AANAT immunoreactivity in nearly all cells (Fig. 3b).
AANAT immunoreactivity was confined to small granules
evenly distributed in the cytoplasm of most pinealocytes,
whereas the cell nuclei were immunonegative. These im-
munocytochemical stainings visualize for the first time the
subcellular distribution of a vertebrate AANAT. The inten-
sity of the AANAT immunoreaction varied from cell to
cell, as seen with other pineal-specific marker proteins
(Korf et al., 1998); the functional significance of this vari-
ation remains unknown.

To determine whether cyclic AMP was involved in
regulating AANAT activity and protein levels, cells were
treated with cyclic AMP protagonists for 6 h. Forskolin
(5 mM) and dibutyryl cyclic AMP (1 mM) increased the
AANAT protein level, albeit to a lesser degree than 100
nM NA (73 and 64%, respectively; Fig. 4a). Moreover,
treatment with forskolin (5mM) and dibutyryl cyclic
AMP (1 mM) enhanced AANAT activity to a similar
extent as did stimulation with NA (Fig. 4b). Elevation of
the intracellular Ca21 concentration by various drugs,
e.g., ionomycin, KCl, and phenylephrine, did not affect
AANAT protein levels (authors’ unpublished data).

Adrenergic elevation of AANAT levels requires new
protein synthesis—not new gene expression

As indicated above, direct analysis of AANAT mRNA
content indicated that NA did not alter this parameter. To
determine whether the NA-evoked increases in AANAT
protein levels and activity require the new expression of
any gene, pinealocytes were exposed to 30mg/ml acti-
nomycin D for 0.5 h followed by treatment with a com-
bination of 30mg/ml actinomycin D and 100 nM NA for
6 h. This treatment did not abolish the NA-induced rise
in AANAT protein levels (Fig. 4c) and enhanced the
NA-induced increase in AANAT activity (Fig. 4d). In
contrast, inhibition of protein synthesis (by exposing
cells to 50mg/ml puromycin followed by treatment with
a combination of 50mg/ml puromycin with 100 nM NA
for 6 h) dramatically reduced the NA-induced increases
in AANAT protein levels and activity to levels below
those found in unstimulated preparations (Fig. 4c and d).

AANAT protein levels and activity are regulated
via proteasomal proteolysis

The above evidence indicated that posttranscriptional
processes are important for regulation of bovine

FIG. 2. Time-dependent effects of NA (100 nM ) on bovine pine-
alocytes. a: Northern blot analysis of AANAT mRNA. The abun-
dance of the AANAT transcript was analyzed semiquantitatively
by determining the product of the sum of the gray values and the
area of a given signal (Wicht et al., 1999). This product is nor-
malized against corresponding values for GAPDH mRNA to cor-
rect for variations in loading. Similar results were obtained in
three different experiments. b: Immunoblot analysis of AANAT.
AANAT protein levels were calculated semiquantitatively as de-
scribed (Wicht et al., 1999) and expressed as the percentage of
the maximal signal obtained after NA treatment for 8 h. The
molecular mass of the immunosignal (24 kDa) corresponds to
the estimated molecular mass for bovine AANAT deduced from
the published nucleotide sequence [GenBank accession no.
AD000742 (Craft et al., 1999)]. Similar results were obtained in
three different experiments. c: Radiochemical determination of
AANAT enzyme activity in pinealocyte homogenates. The
AANAT activity levels represent mean 6 SEM (bars) values de-
termined in duplicate in different preparations. *p , 0.05, **p
, 0.01, versus untreated cells.
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AANAT. This led us to examine the issue of whether
AANAT protein levels and activity were regulated by
proteasomal degradation of AANAT. Cells were treated
with three different selective proteasomal proteolysis
inhibitors (6 h, 25mM): lactacystin, MG-132, and cal-
pain inhibitor I. Treatment with these compounds alone
increased AANAT protein levels (Fig. 5a) and activity
(Fig. 5b) to a greater extent than a maximally effective
dose of NA. Treatment with calpain inhibitor III, which
specifically inhibits the protease calpain I but not the
proteasome, was ineffective.

The effect of the most selective proteasomal protease
inhibitor, lactacystin (Fenteany and Schreiber, 1998),
was dose- and time-dependent; a maximal increase in
AANAT protein levels was found at a concentration of

50 mM lactacystin (Fig. 5e), and the increase in AANAT
activity was maximal at concentrations ranging between
10 and 50mM lactacystin (Fig. 5f). On the basis of these
dose–response relationships, a concentration of 25mM
lactacystin was used in standard experiments throughout
this study. A lactacystin-induced increase in AANAT
protein levels was first evident after 1 h (Fig. 5c); after
6 h, AANAT protein levels were increased five- to 10-
fold (Fig. 5a, c, e, and g). This time course resembles that
seen with NA (Fig. 2b). A similar time course was found
for the effects of lactacystin on AANAT activity (Fig. 5d).

The issue of whether NA and lactacystin control
AANAT protein levels and activity through the same or
different mechanisms was examined by stimulating cells
with combinations of lactacystin (25mM) with NA (100

FIG. 3. Immunocytochemical demonstration of
AANAT protein in bovine pinealocytes cultured for
5 days. a: Unstimulated cells. b: Cells stimulated
with NA (100 nM ) for 6 h. Treatment with NA in-
duced strong AANAT immunoreactivity in basically
all pinealocytes, whereas unstimulated cells were
weakly immunoreactive. AANAT immunoreactivity
was confined to small granules evenly distributed
in the cytoplasm of most pinealocytes, whereas
the cell nuclei were immunonegative. As is seen
with other pineal-specific proteins (Korf et al.,
1998), the intensity of the AANAT immunoreaction
varies from cell to cell. Bar 5 20 mm.
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nM) or the cyclic AMP protagonists forskolin (5mM)
and dibutyryl cyclic AMP (1 mM) for 6 h. The combi-
nation of lactacystin with NA, forskolin, or dibutyryl
cyclic AMP did not change the effects on AANAT
protein levels and activity that were elicited by lactacys-
tin alone (Fig. 5g and h).

To determine whether ongoing protein synthesis is
required for the lactacystin-induced increases in AANAT
protein levels and activity, as is the case with NA, cells
were preincubated with 50mg/ml puromycin for 30 min
followed by treatment with a combination of 50mg/ml
puromycin and 25mM lactacystin for 6 h. Under these
conditions, puromycin totally blocked the effects of lac-
tacystin and reduced AANAT protein levels and activity
to nearly undetectable levels (Fig. 5g and h).

DISCUSSION

The results of this study are consistent with the con-
clusion that AANAT is continually synthesized in cul-
tured bovine pinealocytes and that the abundance and
activity of AANAT are controlled primarily by NA act-
ing through the cyclic AMP pathway to prevent destruc-
tion of AANAT by proteasomal proteolysis. These find-
ings are of general importance for neuroendocrine and
neuronal signal transduction because they show for the
first time that a neurotransmitter activates its target cells
by inhibiting proteasomal proteolysis and thus attribute a

novel neuroregulatory role to proteasomal proteolysis.
Our investigations are also of special interest in under-
standing pineal function because they clearly document a
previously unknown, neurotransmitter-regulated switch-on
mechanism of AANAT. It is reasonable to consider that
this mechanism is widely distributed among mammals.

As indicated in the introductory section, pineal func-
tion has been studied extensively in the rat. In this
species, adrenergic stimulation causes a.100-fold in-
crease in AANAT mRNA content followed by increases
in AANAT protein levels and activity with a temporal
delay. The NA-induced increases in AANAT protein
levels and activity are totally blocked by inhibiting tran-
scription. This emphasizes the dominant role of tran-
scriptional mechanisms for switching on AANAT in
rodents. Switching-off rat AANAT at the end of the night
involves transcriptional mechanisms (Borjigin et al.,
1995; Roseboom et al., 1996) and the inhibitory tran-
scription factor ICER (Stehle et al., 1993; Maronde et al.,
1999a). Moreover, posttranscriptional mechanisms in-
volving cyclic AMP-dependent proteasomal proteolysis
are important for the rapid decrease of AANAT protein
levels and activity that is induced by noradrenergic
blockade or acute light pulses given during nighttime
(Gastel et al., 1998). A dual transcriptional/proteolysis
mechanism also regulates AANAT in the chicken (Ber-
nard et al., 1997a,b; Klein et al., 1997; Zatz et al., 2000).
However, it is difficult to determine the relative impor-
tance of proteolysis and translational influences for
switching-on AANAT in these species because, in both
the rat and the chicken, the AANAT mRNA level is
regulated and varies significantly in conjunction with
changes in AANAT activity and melatonin production.
As shown in the present study, the bovine pinealocyte
system makes it possible to examine this without poten-
tially confounding transcriptional effects.

AANAT mRNA was readily detectable in untreated
cultured bovine pinealocytes, and treatment with NA did
not change AANAT mRNA levels but increased
AANAT protein levels in parallel with AANAT activity.
This indicates that transcriptional mechanisms are not
involved in the switch-on of AANAT in cultured bovine
pinealocytes, consistent with the results of in vivo studies
(Coon et al., 1995; Craft et al., 1999); rather, it appears
that downstream posttranscriptional mechanisms play a
central role. This view was supported by the findings that
the NA-induced increases in AANAT protein levels and
activity were not blocked by the transcriptional inhibitor
actinomycin D. In contrast to actinomycin D, puromycin
totally blocked the NA-induced increases in AANAT
protein levels and activity, indicating that NA actions
require ongoing protein synthesis.

The effects of NA on AANAT protein levels and
activity were mimicked by the cyclic AMP protagonists
forskolin and dibutyryl cyclic AMP. Thus, the second
messenger involved in increasing AANAT protein levels
in bovine pinealocytes appears to be cyclic AMP, as has
been proposed in a previous study by Ru¨ppel and Olcese
(1991). The close correlation between AANAT activity

FIG. 4. Effects of selected drugs on adrenergic stimulation of
AANAT protein levels and activity in bovine pinealocytes. a and
b: Effects of cyclic AMP protagonists. Cells were left unstimu-
lated (CO) or were exposed to NA (100 nM ), forskolin (FK; 5 mM ),
or dibutyryl cyclic AMP (DB-cAMP; 1 mM ) for 6 h. c and d:
Effects of inhibitors of transcription or translation. Cells were left
unstimulated (CO), treated with NA (100 nM ) for 6 h, or incubated
with actinomycin D (ActD; 30 mg/ml) or puromycin (Puro; 50
mg/ml) for 0.5 h before treatment with combinations of ActD/NA
or puromycin/NA for 6 h. *p , 0.05, **p , 0.01 versus untreated
cells.
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and AANAT protein levels in cultured bovine pinealo-
cytes in response to the activation of the NA/cyclic AMP
pathway allows the conclusions that (a) AANAT activity
is regulated by controlling the abundance of AANAT
protein and (b) AANAT protein in the bovine pinealo-
cyte is “active” following synthesis—as measured in
homogenates—and does not appear to be subject to re-
versible posttranslational “on/off” regulation.

Considering the above-mentioned results with the rat
and the chicken, we tested the hypothesis whether NA-
induced inhibition of AANAT proteolysis might be the
dominant mechanism involved in switching-on AANAT
in those species in which the AANAT mRNA level does
not change on a day/night basis. Our finding that inhibi-
tion of AANAT proteolysis with selective proteasomal
inhibitors alone can switch-on AANAT enzyme activity

FIG. 5. Effects of inhibitors of proteasomal proteol-
ysis on AANAT protein levels and activity. AANAT
protein levels were analyzed semiquantitatively as
described (Wicht et al., 1999) and expressed as the
fold increase over the AANAT protein level in un-
stimulated cells (CO). a and b: Effects of treatment
with different proteasomal inhibitors [lactacystin
(Lacta), MG-132, and calpain inhibitor I (Calp I); 25
mM each], a nonproteasomal protease inhibitor [cal-
pain inhibitor III (Calp III) 25 mM], or NA (100 nM ) for
6 h on AANAT protein levels and activity. c and d:
Time-dependent effects of Lacta (25 mM ) on AANAT
protein levels and activity. e and f: Dose-dependent
effects of Lacta treatment for 6 h on AANAT protein
levels and activity. g and h: Effects of combinations
of Lacta (25 mM ) with different cyclic AMP protag-
onists or puromycin on AANAT protein levels and
activity. Treatment of cells with combinations of
Lacta/NA (100 nM ), Lacta/dibutyryl cyclic AMP (DB-
cAMP; 1 mM ), or Lacta/forskolin (FK; 5 mM ) for 6 h
did not significantly change the levels of AANAT
protein and activity compared with the effect elicited
by Lacta (25 mM ) alone. Lacta effects were not
apparent when used in combination with puromycin
(Puro; 50 mg/ml). *p , 0.05, **p , 0.01 versus un-
treated cells.
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by increasing AANAT protein levels—in the absence of
changes in AANAT mRNA levels—provides compelling
evidence that this mechanism alone regulates AANAT
protein. The effects of inhibition of AANAT proteolysis
appear to require continual protein synthesis because
puromycin totally blocked the lactacystin-induced in-
creases in AANAT protein levels and activity. This find-
ing is of special interest because it suggests that AANAT
protein is continually being synthesized in bovine pine-
alocytes but only accumulates when proteolysis is
blocked. The finding that combinations of lactacystin
with NA or cyclic AMP protagonists did not increase the
effects of lactacystin is consistent with the interpretation
that NA and lactacystin act through a common mecha-
nism, i.e., inhibition of AANAT proteolysis.

Accordingly, our results indicate that, in bovine pine-
alocytes, the selective inhibition of AANAT proteolysis
by the proteasome is required for AANAT protein levels
and activity to increase in response to adrenergic/cyclic
AMP stimulation. This is the first system where an
activating role of proteasomal proteolysis for neuroen-
docrine signaling has been clearly established because
this occurs independently of changes in AANAT mRNA
levels.

Our results allow us to construct a simple hypothetical
model of adrenergic regulation of AANAT in bovine
pinealocytes. The AANAT mRNA level is continually
elevated, and it appears that AANAT is continually syn-
thesized. Under unstimulated conditions, newly synthe-
sized AANAT protein is immediately destroyed by pro-
teasomal proteolysis. Under adrenergic stimulation,
AANAT is protected from proteasomal proteolysis, and
AANAT protein accumulates. We suspect that NA may
protect AANAT from degradation via cyclic AMP-de-
pendent phosphorylation of two highly conserved
AANAT protein kinase A sites. This assumption is rea-
sonable because the N-terminal protein kinase A site of
bovine AANAT is located in the vicinity of a proline-
rich region that, in other proteins, has been proposed as
a motif destined for degradation via proteasomal prote-
olysis (Hershko and Ciechanover, 1998). Moreover, this
N-terminal region of bovine AANAT contains a lysine
residue that is conserved in the deduced AANAT amino
acid sequences from sheep and humans and may function
as a ubiquitination site targeting proteins for degradation
by the proteasome (Hershko and Ciechanover, 1998).
Alternatively, NA may protect AANAT from degrada-
tion via cyclic AMP-dependent phosphorylation of other
proteins involved in targeting AANAT for degradation.
A combination of these proposed mechanisms may also
occur. In addition, a decrease in cyclic AMP content
serves as a signal for rapid switch-off by allowing de-
struction of AANAT protein and suppression of AANAT
activity (Gastel et al., 1998).

The evidence that AANAT is destroyed by proteaso-
mal proteolysis raises the issue of whether a ubiquiti-
nated form of AANAT exists. We have attempted to
obtain convincing proof of this in several experimental
systems but have not been successful using various treat-

ments and combinations of drugs (authors’ unpublished
data). There are at least three possible explanations for
this. One is that AANAT is destroyed by the proteasome
by conjugation to a ubiquitin-like protein—not to ubiq-
uitin (Murakami et al., 1992; Yeh et al., 2000). The
second is that the ubiquitinated form of AANAT is a
highly transient molecule owing to rapid deubiquitina-
tion (D’Andrea and Pellman, 1998; Chung and Baek,
1999) and therefore does not accumulate. The third is
that the tools we have used to study this issue are
inadequate. Accordingly, the molecular steps leading to
destruction of AANAT have not been fully described;
however, this issue remains a focus of ongoing research.

Several observations strongly suggest that the bovine
model that emphasizes proteasomal proteolysis as the
dominant switch-on mechanism of AANAT activity
might also apply to primates and other ungulates. First,
preliminary studies have provided an indication that the
monkey pineal gland AANAT mRNA level is relatively
high during the day (Klein et al., 1997), as is the case
with sheep (Coon et al., 1995) and cattle. Second, in both
primates (Reppert et al., 1979; Arendt, 1995) and ungu-
lates (Hedlund et al., 1977; Namboodiri et al., 1985),
there is an immediate increase in circulating melatonin
levels at the start of the night period, which is made
possible because AANAT mRNA is continually avail-
able. In contrast, in rodents there is a delay in the
increase in melatonin production, which is imposed by
the time required for AANAT mRNA to accumulate
from nearly undetectable daytime levels to nighttime
levels (Borjigin et al., 1995; Roseboom et al., 1996;
Maronde et al., 1999a).

AANAT is the primary regulator of the melatonin
signal that is used to coordinate optimally seasonal
changes in environmental lighting cycles to the internal
circadian and circannual rhythms in physiology, includ-
ing reproduction. The differences in regulatory mecha-
nisms of melatonin synthesis seen between rodents ver-
sus ungulates and primates might be linked to differences
in the length of the gestation period requiring stimulation
of reproductive activity during different seasons of the
year. Rodents have a short gestation period, and spring
birth requires breeding shortly before spring, whereas
ungulates have a long gestation period, and spring birth
requires fall breeding. Perhaps longer nocturnal periods
of melatonin production in larger animals favor fall
breeding, whereas short periods of melatonin production
in rodents favor spring breeding.

The findings of our studies are of special interest
because they represent the first evidence that neurotrans-
mitter-regulated inhibition of AANAT proteolysis plays
a dominant role in switching-on the day/night rhythm in
AANAT activity in many mammals, including humans.
These results have broad significance because they show
that regulation of proteolysis of critical proteins, which is
important for cell cycling (Hershko, 1997; Singer et al.,
1999), immune response (Reits et al., 2000; Schubert
et al., 2000), apoptosis (Canu et al., 2000; Qiu et al.,
2000), and neurodegeneration (Alves-Rodrigues et al.,
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1998), also plays a pivotal role in neuroendocrine and
neural regulation.
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